nanosheet like structures were produced by electrospinning. The morphological changes were observed by changing precursor (BiOCl 3 and Bi(NO 3 ) 3 $5H 2 O) concentrations. These nanosheets were analyzed by XRD, which reveals that the crystal structures of BiOCl and Bi 2 O 3 belonged to tetragonal and beta-phase systems respectively. Both nanostructures were employed for the photodegradation of Alizarin Red S (ARS) dye under UV light (<390 nm) irradiation. BiOCl nanosheet like structures exhibited superior photocatalytic activity (PCA) for the degradation of ARS dye and their half-life was estimated from the kinetic plots of PCA. A plausible reaction mechanism is proposed for the PCA and discussed in detail.
Introduction
In recent years, novel layered/sheet-like structures of bismuth oxyhalides BiOX (X ¼ Cl, Br, and I) have drawn much attention due to their optical properties and promising industrial applications.
1 Bismuth oxychloride (BiOCl) and bismuth oxide (Bi 2 O 3 ) have potential for degradation of organic dyes 2,3 and non-biodegradable synthetic dyes. 4, 5 BiOCl exhibits the tetragonal space group P 4 /nmm and consists of stacked sheets of ClBi-O-Bi-Cl held together by the nonbonding interaction through the Cl atoms along the c-axis. 6 In each sheet, a bismuth center is surrounded by four oxygen (O 2 ) and four chlorine (Cl) atoms in an asymmetric decahedral geometry. These tetragonal crystal structures of BiOCl can be attened into sheet-like structures with a high aspect ratio. BiOCl had been used in several applications 2, 7, 8 because the strong intralayer bonding and the weak interlayer interactions (van der Waals) between the sheets would be favourable for work on highly anisotropic structures, as well as for improved electrical, optical, and mechanical properties. Owing to the unique sheet-like structure and high photocorrosion stability in the presence of redox couples, BiOCl has recently been used for photocatalysis 9, 10 and in photoelectrochemical (PEC) applications. 2, 8, 11 Zhang et al.
2
reported that BiOCl exhibited better photocatalytic activity (PCA) on the methyl orange (MO) dye degradation, than did TiO 2 (P25, Degussa). On the other hand, Bi 2 O 3 was proved to be a signicant photocatalyst for the degradation of rhodamine B (RB) and MO dye under UV and visible-light irradiation, respectively. 3, 5, 12 Lin et al. 13 reported that the PCA of Bi 3 O 4 Cl (synthesized from BiOCl and Bi 2 O 3 via a solid state reaction) was more effective for the degradation of MO dye than that of anatase TiO 2 under UV light irradiation.
In addition, low-dimensional nanostructures [14] [15] [16] could enhance the PCA enormously and, therefore, the preparation of nanostructured BiOCl and Bi 2 O 3 are considered promising for photocatalytic applications. The nanoparticular BiOCl and Bi 2 O 3 can be an efficient photocatalyst in decomposing methyl orange under UV irradiation.
2,3 However, bismuth oxide nanoparticles have limitations; for example, suspended nanoparticulate catalysts are easily lost in the process of the PCA reaction and separation, and may pollute treated water. In contrast, nanobers, which also have potential for PCA applications, have already proven favourable because of their recycling properties. 17 Onedimensional (1D) nanostructures such as nanowires (NW), nanosheets (NS), nanorods (NR), and nanotubes (NT) enhance PCA due to their high surface areas.
11,17,18 1D nanostructures are employed in various applications such as solving environmental (photocatalysis and water treatment) 19, 20 and energy (electronics and photonics) issues. [21] [22] [23] In this context, photocatalysis is a ''green" technique, which offers promising ways to completely remove toxic pollutants from the environment through its efficiency and broad suitability.
24 1D nanostructures produced by electrospinning is straightforward and simple. 25 The above electrospinning solution was drawn up into a 10 mL syringe with 21 G 1/2 gauge needle. The ber deposition parameters (ow rate, applied voltage, drum rotation speed, etc.) were optimized until uniform nanobers without bead formation was obtained. The ow rate was maintained at 0.5 mL h À1 (for Bi 2 O 3 ) and 1.0 mL h À1 (for BiOCl). The distance between the electrodes (needle-tip and the collector) was maintained at about 10 cm. The applied electric voltage between the drum collector and the needle tip was 20 kV and the humidity level inside the electrospinning chamber was maintained at approximately 50%. BiOCl nanober preparation. The BiOCl electrospinning solution is similar to that of the Bi 2 O 3 , except the precursor Bi(NO 3 ) 3 $5H 2 O was replaced with BiCl 3 .
The as-spun free standing nanostructures composed of uniform and continuous nanobers were collected from the substrate. Later these nanostructures were vacuum dried to completely remove any residual solvents present on the surface. These nanobers were then calcined at 500 C for 5 h with a ramp rate of about 5 C min À1 in air, and formed nanosheet-like structures.
Characterization
The surface characterizations of these structures were performed using eld emission scanning electron microscopy (FE-SEM; Quanta 200F, FEI, Oregon, U.S.), prior to which the samples were coated with nearly 5 nm of gold (JEOL JFC-1200 ne coater, Japan) for better contrast. Transmission electron microscopy (TEM; JEOL JEM-2010F) at an acceleration voltage of 200 kV was used to characterize morphology. X-ray photoelectron spectroscopy (XPS; Kratos AXIS UltraDLD, Kratos Analytical Ltd., U.K.), with a mono Al Ka X-ray source (hn ¼ 1486.71 eV) and operated at 15 kV and 5 mA, was used to identify the oxidation states of ions from the binding energies of photoelectrons. The pressure in the analysis chamber was maintained at 5 Â 10 À9 torr during each measurement.
Photocatalytic degradation
A suspension of the nanostructured photocatalyst with ARS aqueous solution was prepared in two steps. In the rst step 5 mg of catalyst (BiOCl or Bi 2 O 3 ) was dissolved in 45 mL of deionized (DI) water. In the second step 0.5 mg of ARS dye powder was dissolved in 5 mL of DI water. Then both the solutions were mixed and sonicated for about 30 min to obtain a good dispersion of solution. The initial concentration (C 0 ) of the dye was noted before being exposed to the UV radiation. Later the dispersed solution was placed in such a way that it was completely surrounded by the light source (<390 nm). Aer every 10 min of irradiation, about 5 mL of the mixture was removed and centrifuged (Allegra 64R centrifuge, Beckman coulter) to remove the residues, and the UV spectra were measured for the supernatants (containing ARS).
Results and discussion

Surface characterization
As-spun nanobers were characterized by FE-SEM and are shown in Fig. 1 . It can be clearly seen that the nanobers are randomly distributed throughout the area covered. The bers spun from PAN/Bi(NO 3 ) 3 $5H 2 O have smooth and uniform textured surfaces because of the amorphous nature of the PAN/ Bi(NO 3 ) 3 $5H 2 O (Fig. 1a-d) . In contrast, the bers from PAN/ BiCl 3 exhibit a rough textured morphology with continuous structures as shown in Fig. 1e -h. The average ber diameters evaluated from the SEM images are 1 to 2 mm. Upon calcination, the smoothly textured ber morphology of Bi 2 O 3 became converted to a porous morphology consisting of nanorods as shown in Fig. 2a-d . For all concentrations of Bi(NO 3 ) 3 $5H 2 O, the nanostructures are porous due to shrinkage resulting from the decomposition of PAN at high temperatures. As seen in these SEM images, the ber morphology is lost and the nanostructures become more like nanorod/nanotube-conjoined structures, which is due to the complete decomposition of the PAN polymer. The observed diameter of the nanostructures ranged from 40 nm to a few hundred nanometers. Formation of these elongated nanorods may be attributed to an anisotropic growth rate of the bismuth compound nanobers. Huang, et al. 29 reported that there is an increase in electrical potential for nanobers with rougher surfaces. It has also been reported that the longer polymerization time for the nanobers also led to the formation of polymer clusters and particles on the surface of nanobers, making the surface rougher. But at high concentrations (3 and 4 wt%), as seen in Fig. 2g and h, the structures display nanosheets with anisotropic dimensions, and a unique nano-stack morphology with an average thickness and length of 700-800 nm and $2 mm respectively. These FE-SEM images show that the nanosheets appear to be located next to each other and that they are uniformly distributed within the scanning range. The lengths and widths of the nanosheets range up to about $12-15 mm. Fig. 3 shows the TEM images of the BiOCl and Bi 2 O 3 nanostructures. Fig. 3a were characterized by using powder X-ray diffraction (XRD) with CuKa (1.5418Å) radiation as shown in Fig. 4 . The XRD patterns are shown only for the highest level of doping (4 wt%) and aer calcination at 500 C. All of the XRD peaks have been identied and indexed.
BiOCl belongs to the tetragonal space group P4/nmm according to the literature, 31-33 whereas Bi 2 O 3 exhibits the b-Bi 2 O 3 phase (space group: P421c). [34] [35] [36] The lattice parameters and crystallite sizes were calculated according to the Debye-Scherrer formula (D ¼ kl/b cos q), 37 where l is the wavelength of the X-ray (1.5418 A for CuKa), q is the angle of diffraction, b is the full width at half maximum (FWHM) and k is the shape factor (¼0.94 for spherical crystals with cubic symmetry). The calculated cell parameters are shown in Fig. 5 . As demonstrated in Fig. 5 , Bi, Cl, O and C are detected in the composite nanosheets by scanning high-resolution XPS spectra. The individual core levels of the nanostructures and their corresponding binding energies (BE) are presented in Fig. 6 . The Bi4f of BiOCl, shown in Fig. 6a , comprises two asymmetric broad peaks, assigned to the Bi4f 7/2 (BE; 159.1 eV) and Bi4f 5/2 (BE; 164.2 eV). These two peaks were deconvoluted and the peaks at 164.8 and 160.0 eV are indexed as Bi +3 in BiOCl.
38-41
The peaks at 164.1 and 159.1 for BiOCl can be indexed to lower Bi ionic states and are due to the oxygen vacancies present in the system. 42 The appearance of the lower BE peaks might be due to the oxygen vacancies induced from the +3 ionic states. [43] [44] [45] [46] Essentially these same peaks, at 164.4 and 159.1 eV, and with the same intensity level, are observed for Bi 2 O 3 as illustrated in Fig. 6b . The 4f 7/2 and 4f 5/2 orbitals were formed from the bismuth oxide species during the calcination process. However, the energy differences between 4f 7/2 and 4f 5/2 are $5.1 eV for BiOCl and 5.3 eV for Bi 2 O 3 , which are approximately the same and which indicates that the main valence state of Bi in both nanostructures is Bi +3 . 40, 47 The Cl2p spectra for BiOCl is shown in Fig. 6c . There is a broad 2p peak, which can be decomposed to triplet peaks at 198.1 and 199.0 eV, and which are assigned to Cl2p 3/2 and Cl2p 1/2 , respectively. The $0.9 eV energy difference between these two peaks is a characteristic feature for Cl À anions. This result further conrms the presence of chlorine atoms in the BiOCl bre nanostructures. Another peak at 195.7 eV corresponds to a defect peak. As for the O1s spectrum shown in Fig. 6d , a broad peak is identied and the shape of this peak indicates that there can be more than one chemical state according to the binding energy. This peak is decomposed at the binding energies of 527.6, 529.0, 530.1, and 531.3 eV for both nanostructures.
48,49
The increased binding energies are simply related to the crystal lattice oxygen (O Bi-O ), surface hydroxyl groups (O OH ), and adsorbed water. The peak at 529.0 eV is assigned to oxygen bound to trivalent Bi ions and the small shoulder at 531.3 eV implies that the surface is partially covered with hydroxide OH groups. 50 The binding energies related to carbon (C1s) for BiOCl and Bi 2 O 3 are 284.8 and 284.6 eV respectively, as presented in Fig. SI1 (ESI) , † and are due to a surface layer of carbon contamination. The C1s peak of PAN at 286.5 eV is a related carbon species that has not been identied, implying that the organic species has been degraded completely 51 during calcination at 500 C.
Photocatalysis and photodegradation
To study the photodegradation, UV-irradiated ARS dye solutions with and without catalyst need to be investigated. And, in the present studies, the PCA properties of ARS dye with and without photocatalysts have been determined under UV-light irradiation. The corresponding photocatalysis studies aer incorporation of BiOCl and Bi 2 O 3 nanostructures were analyzed and illustrated in Fig. SI2 and SI3. † The ARS solution was red with and without the addition of catalyst nanostructures. But while decolourization was not observed without catalyst, a change in colour was observed aer adding the catalysts. These observations indicate that there is no signicant degradation and decolorization of ARS dye in the absence of the photocatalyst. Upon UV irradiation of the ARS solution containing the catalysts, degradation was caused and observed as decolourisation of the reaction solution from red to pale pink or white. BiOCl performed better than did Bi 2 O 3 . The superior degradation performance of BiOCl was due to the difference in sizes of the catalysts as this also inuences the adsorption of the dye molecules.
The related degradation curves with varying concentrations of the precursor are shown in Fig. 7 , and the rates of degradation calculated from these curves are tabulated in Table 2 . Bi 2 O 3 at a concentration of 2% caused signicantly faster PCA than it did at any of the other three concentrations. The faster PCA may be because of the morphology change: nanobers were converted to highly porous nanorods at that particular concentration, as seen in Fig. 2b . BiOCl shows a PCA enhancement at a concentration of 3%, where the nanosheet-like structures were formed (see Fig. 2g ).
The photoreaction curves for Bi 2 O 3 were also plotted and are shown in Fig. 7a , The photodegradation rate (C/C 0 ) of the dye with different concentrations (1, 2, 3 , and 4%) of precursor were observed under UV light irradiation within the marked time spans, where 'C 0 ' is the initial concentration of the dye at time T ¼ '0', and 'C' is the nal concentration at time T ¼ 't'. From the observations of the absorption spectrum (SI2 †), the degradation is over 75%, indicating excellent photocatalytic efficiency (h%). The efficiency was high, at 76.53%, with a Bi 2 O 3 precursor concentration of 2%, where the morphology is quite different than for the other concentrations. The other concentrations also showed relatively good photocatalytic efficiencies within 130 min (73.14, 73.72, and 75.38% for 1, 3, and 4% respectively). As the concentration of the catalyst was initially increased, the photocatalytic rate efficiency reached an optimum, and then started to come down with additional increases in concentration. Fig. 7b , shows the photocatalytic degradation of BiOCl and an aqueous solution of ARS under UV-light illumination. It can be noted that the absorption band of the dye degraded rapidly at the precursor concentration level of 3% and complete degradation happened in 70 min. For the other concentrations (1, 2 and 4%), the degradation process went on for 80 min. The rapid photodegradation rate as shown in Fig. 7b is probably because of the ordered morphology of the nanosheets, whereas at the rst two concentrations (1 and 2%), no clear morphology could be seen in the SEM images (Fig. 2e and f) . The highest efficiency was found at the concentration x ¼ 3%, the value being 99.34%. The other concentrations (1, 2 and 4%) also showed relatively good photocatalytic efficiencies, being a little lower at 88.54, 96.94, and 92.34% for x ¼ 1, 2, and 4% respectively.
The kinetics plots of Bi 2 O 3 , and BiOCl are presented in Fig. 8  and 9 . Both of the nanostructures follow pseudo rst-order kinetics. From the kinetic plots, the rate constants were determined by linear polynomial tting of the ln(C/C 0 ) curve and the rate constant 'k' values were evaluated from the equation, k ¼ 2.303 Â log(C/C 0 ) and presented in Table 2 . The rate constant at 2% and 3% dopings of Bi 2 O 3 and BiOCl shows the best degradation performance, since at those concentrations the morphology of the catalysts was quite different.
From pseudo rst-order kinetic constants, the half-life time (t 1/2 ) can be calculated using the expression t 1/2 ¼ 0.693/k. According to the half-life expression, the half-life of the dye 
degradation has been evaluated and tabulated in Table 2 . It also suggests that the BiOCl is an excellent photocatalyst for the industrial dye degradation, and is superior to Bi 2 O 3 .
Dye degradation mechanism
The BiOCl nanosheet-like structures showed signicant PCA enhancement in the decomposition of ARS dye. In general, the PCA of the catalyst is dependent on several factors such as surface properties, crystallinity, morphology, optical properties, and diameter. 52 From XRD analysis, crystal structures were not changed much, which had minimal effect in PCA performance. It is worth noting that the morphology of BiOCl changed into nanosheet-like structures that might adsorb more dye molecules at the surface. The PCA reaction might be preceded by two steps:
32,53 adsorption, and degradation aer the adsorption. Thus, the stronger the adsorption capability, the better would be the subsequent photodegradation.
The possible mechanism for ARS dye degradation in the presence of BiOCl catalyst has been proposed and is presented in Fig. 10 
ARS (dye.ads) + cO 2 À / Products
In eqn (1)- (7), B stands for BiOCl, and dye.ads stands for adsorbed dye. These equations provide mechanisms for photoadsorption and consequent dye degradation.
Conclusions
Electrospun sheet/rod-shaped nanostructures have been produced. By changing the precursor concentration, changes in the morphology of Bi 2 O 3 and BiOCl nanostructures have been observed from SEM, and TEM conrmed their morphologies. During calcination, the dynamics of the polymers vary and the collective interaction between the precursors causes anisotropic crystal formation. XRD reveals the tetragonal and b-phases of BiOCl and Bi 2 O 3 respectively. From XPS, it is conrmed that Bi in these structures exists in the Bi +3 ionic state, and in lower ionic states as well. The converted nanostructures are employed for the photodegradation of ARS dye. As the size of the crystallite increases (determined from XRD), the photodecomposition ability substantially decreases. Therefore, the enhancement of PCA is due to the change in morphology, such as that into nanosheet-like structures. Possible degradation mechanisms for the dye have been proposed and discussed. We anticipate that our investigations may help further understanding of various nanostructured materials and accelerate their potential applications.
